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In recent years, extended studies are developed for investigation the effects of using
nanofluids in NPP as coolant. CANDU-6 reactors have the potential to use nanofluid cool-
ants because in these reactors, the moderator system is fully independent of the primary heat
transport system. MCNPX code has been used for modelling and simulation of a CANDU-6
reactor containing a nanofluid as primary coolant. The variation of multiplication factor and
total neutron flux distribution along a fuel channel, next to the central axis, has been investi-
gated by using different nanofluids. In this analysis, heavy water-based nanofluids containing
various volumetric percentages of Al,O3, TiO,, CuO, Ti, Cu, Zr, and Si nanoparticles were
used. A typical CANDU-6 reactor was selected as reference for reactor core modelling. The
results of the neutronic analysis show that Al,O; nanofluids with 1% volumetric percentage
are the most suitable coolant for CANDU-6 reactors which can increase the coolant heat

transfer coefficient and consequently enhance the plant efficiency.

Key words: nanofluid, CANDU-6, MCNPX, neutronic analysis

INTRODUCTION

Economic aspects of electricity generation (i. e.
price expressed in dollars per generated electric en-
ergy kWh) in power plants have always been the most
challenging issue in selecting the type of the power
plants (including fissile fuelled, nuclear reactor, wind
farm, efc.) in industrial countries. A considerable ef-
fort has been devoted to develop the power plant de-
sign and reduce the electricity pricing in each type, in
order to attract the investors. In this manner, develop-
ment and use of nuclear energy is currently growing
very rapidly, in order to achieve increasingly advanced
technology, both in terms of design, economic factors
and safety factors [1].

Economic studies conducted on nuclear reactor
power plants show that~65 % of the total power cost is
referred to the capital cost of the power plant itself (in-
cluding buildings, reactor core, safety features, efc.)
[2]. Therefore, a reasonable method to reduce the elec-
tricity pricing in nuclear power plants would be in-
creasing the power density (i. e., power produced per
unit volume of the reactor core) of the nuclear reactors;
that means extracting more energy from an existing re-
actor or reducing the physical size of future nuclear re-
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actors which may considerably reduce the total cost of
nuclear power.

The most important subject in high heat flux sys-
tems, such as nuclear reactors, is the heat transfer
method. Considering the above mentioned issue (in-
creasing the power density), selection of the heat
transfer method (coolant itself, and heat removal sys-
tems), will be even more challenging. The most impor-
tant intrinsic limitation consists of the relatively low
thermal conductivity of conventional coolant fluids.
About two decades ago, the concept of combining a
conventional fluid with a metal (with high thermal
conductivity) was introduced to the scientific commu-
nity [3], called nanofluid, to enhance the thermal
conductivity of conventional fluids.

Recent studies showed that nanofluids can be ap-
plied as an alternative for the nuclear reactors coolant
or, as a safety system coolant to cover the core in the
event of accidental loss of coolant [4]. In fact, enhance-
ment of the critical heat flux (CHF) is the main factor
which encourages the designers and/or researchers to
investigate different aspects of applying a nanofluid in
the conventional systems. Yet, there have been done a
number of studies about applying a water base
nanofluid as coolant in pressurized water rectors
(PWR) [5].

The nuclear aspect of applying a nanofluids in
the LWR reactors have been studied in various litera-
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tures, but using of nanofluids in the PHWR reactors
have not yet been investigated. According to the Zarifi
et al., 2012 report [6], by increasing the volume per-
centage of nanoparticles, the effective multiplication
factor will be intensively reduced due to the reduction
of neutron moderation ratio in the reactor core. The
multiplication factor reduction has a smooth slope
with alumina nanoparticles below 0.1 vol. % and the
reactor can remain in the critical state [6]. In this re-
search, MCNPX 2.6.0 code is used for neutronic anal-
ysis of the CANDU-6 reactor with various nanofluids
as coolants.

MATERIAL AND METHODS

The neutronic literature review of CANDU-6 re-
actor (core layout, operation and safety assessment)
indicates that the frequently applied method is Monte
Carlo N-Particle (MCNP) neutron transport model. In
this study, the MCNPX 2.6.0 has been applied as a
proven particle transport code with the capacity to
measure steady-state reaction rates and other
neutronic parameters.

The neutron flux and effective multiplication
factor were calculated by neutronic analysis of
CANDU-6 reactor core including 380 fuel channels
using MCNPX 2.6.0 code. Figure 1 shows a typical
CANDU fuel channel. The calandria tube, made of
zircalloy-2, is inserted in D,O moderator. Fuel chan-
nels are set in a square configuration in the core.

The heat generated in the fuel rod is transferred
to the power conversion system via D,0 coolant. Pres-
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Figure 1. Cross-sectional view of the fuel channel
(dimensions are in centimetres)
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Figure 2. Layout of 37 fuel rods in the bundle
(dimensions are in millimetres)

sure tube is made of Zr-Nb. D,O coolant enters the
tube at 266 °C and leaves at310 °Catapressure of 10
MPa. The gap is filled with CO, gas. In the CANDU
reactor, each fuel channel includes 37 fuel rods in the
fuel bundle zone, as shown in fig. 2.

According to core design concept, the selected
cladding material is zircalloy-4. Table 1 represents the
main core design parameter of CANDU-6 reactor [7].

The pitch between two adjusted neighbouring
channels is 28.575 cm with 22 horizontal rows and 22
vertical columns. The geometry produced in MCNPX
code is demonstrated in fig. 3.

Figure 4 shows channel configuration, major
calandria dimensions and pattern of reactor reactivity
mechanisms above the core. The reactivity control de-
vices contain 28 shutoff rods (SOR), 21 adjusters
(ADJ), 6 zone control units (ZCU), and 4 mechanical
control absorbers (MCA) [8].

Table 1. Design data of CANDU-6 core and fuel

Number of fuel channels 380
Lattice pitch 28.575 cm (square)
Inner radius of calandria 379.7 cm
Length of fuel channels 594.4 cm
Reactor core radius 3143 cm
Reflector thickness 65.6 cm
Number of adjuster rods 21
Number of light water control zone units 6

Fuel pin

— Number of pins 37

— Fuel pin radius 0.608 cm
— Cladding radius 0.648 cm
Pressure tube

— Inner radius 5.179 cm
— Outer radius 5.163 cm
Calandria tube

— Inner radius 6.450 cm
— Outer radius 6.590 cm
Fuel density 10.492 gem™
Clad density 6.520 gem®
Pressure tube density 6.515 gem
Coolant D,O purity 99.10 [wt.%]
Moderator D,O 99.85 [wt.%)]
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Figure 3. Cross-sectional view of the CANDU-6 reactor
core modelled by MCNPX code near the reactor end face

The reference benchmark CANDU-6 MCNP
model in this study includes two control devices: 21
adjusters (ADJ) and 6 zone control units (ZCU), as de-
picted in fig. 5.

The adjuster rods are placed perpendicular to the
fuel channels, repeated axially in 3 rows of 7, as dem-
onstrated in fig. 6. The material composition and
atomic data for the adjuster rod alloy (Stainless Steel
type 304 L) are given in tab. 2 [9].

The dimensions of the inner and outer adjuster
rod parts are given in tab. 3 [10].

Zone controller units adjust the reactor power at
each zone by changing the amount of light water in
each section. In this paper, the considered zone con-
troller units are assumed to be filled partially with
50 vol. % of light water (fig. 7).

Calculation of neutron multiplication factor in re-
actor core was carried out by using KCODE and KSRC
card in MCNPX. In this manner, 8 neutron sources were
defined in reactor core and 400 cycles with 400,000 ini-
tial particles were considered in calculations. The effec-
tive multiplication factors were evaluated in 4 different

Channel row designation
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Figure 5. Top view of the CANDU-6 MCNP model (near
the horizontal mid-plane)

Figure 6. CANDU-6 reactor model vertical
cross-sectional view with adjuster rod cluster layout

cases as listed in tab. 4 and were compared with those re-
ported in IAEA-TECDOC-887 [11].

Three-dimensional thermal neutron flux density
distribution for the CANDU-6 is obtained by using F4
card in MCNPX and is shown in fig. 8.

Figure 9 represents the two-dimensional graph
of the whole-core thermal neutron flux density of
CANDU-6 reactor. The positions of the adjuster rods
and zone controller units in the core are readily recog-
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Table 2. Composition and atomic data of stainless steel
type 304 1

Weight fraction | Mass density |Atomic weight

Element | 7%}, ) feom 1L
Carbon 0.035 1.60 12.011
Manganese 1.5 7.20 54.94
Phosphorus 0.04 1.82 30.975
Sulphur 0.30 2.07 32.066
Silicon 0.75 2.42 28.09
Nickel 10.5 8.90 58.71
Chromium 19.0 7.10 52.01
Iron 67.875 7.86 55.85
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Figure 7. CANDU-6 reactor model vertical
cross sectional view with zone controller locations.

nizable and show the accuracy of the modelling. The
presence of these control devices cause the neutron
flux density in the core to flatten out.

RESULTS AND DISCUSSION

CANDU-6 reactor consists of two separated
coolant loops (primary and secondary). The primary
loop includes pressurized single phase heavy water

Table 3. Adjuster rod dimensions

Inner element [cm] | Outer element [cm]
Shim OR 0.650 0.710
Steel tube IR 3.607 3.607
Steel tube OR 3.725 3.690
Guide tube IR 4.519 4.519
Guide tube OR 4.572 4.572
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Figure 9. Two-dimensional graph of the whole core
thermal neutron flux density of CANDU-6 reactor

coolant which is suitable to apply a nanofluid as cool-
ant in order to enhance the heat transfer coefficient and
plant efficiency.

As it was mentioned, neutronic calculations in re-
actor core were performed with MCNPX code. The
achieved results showed a good agreement with those re-
ported in IJAEA-TECDOC-887, tab. 4 [11]; which, in
turn, indicates the accuracy of simulation. After compar-
ing the calculated results (MCNPX outputs) of neutron

Table 4. The k. values of the present model and the reference results

Computer codes used Refgrence case with given Fresh core Adjustes withdrawn | Zone controlles
urnup distribution out of the core empty
PP — V + MULTICELL + FMDP (Romania) 0.9988 1.0725 1.0916 1.0761
PP -V + MULTICELL + CHEBY (Romania) - 1.0707 1.0907 1.0749
MCNPX 2.6 (present model) 1.0002 1.0796 1.0932 1.073
Standard deviation 0.00025 0.00023 0.00028 0.00023

Figure 8. 3-D graph of the
whole-core thermal neutron flux density
of CANDU-6 reactor
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neutronic parameters, such as effective multiplication 2 100604, —Cu

factor and neutron flux density for the fuel bundle in the O 2 5 4 5 67 8 81011 12 13

calandria tube next to the central axis of the reactor core,
have been calculated and the results are shown in figs.
10-17. Figure 10 shows the variation of k. for different
nanofluids. It can be seen that increasing the nanoparti-
cles concentrations within the pressure tubes, the effec-
tive multiplication factor strongly decreases. Due to the
different absorption cross-section of each nanoparticle,
different values for k.rare expected. The nanoparticles of
Al O;5 and Cu have the lowest and highest impacts, re-
spectively, on the reduction of the effective multiplica-
tion factor. By increasing nanoparticles concentration,
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Nanoparticles volume fraction [%)]

Figure 10. Variation of the k. for 7 nanoparticles with
different volume fractions in the coolant
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Figure 11. Neutron flux density distribution along a fuel
channel next to the central axis for seven nanoparticles in
0.5 vol. %
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Figure 12. Neutron flux density distribution along a fuel
channel next to the central axis for seven nanoparticles in
1 vol. %
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Figure 13. Neutron flux density distribution along a fuel
channel next to the central axis for seven nanoparticles in
2 vol. %
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Figure 14. Neutron flux density distribution along a fuel
channel next to the central axis for seven nanoparticles in
4 vol. %
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Figure 15. Neutron flux density distribution along a fuel
channel next to the central axis for seven nanoparticles in
6 vol. %
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Figure 16. Neutron flux density distribution along a fuel
channel next to the central axis for seven nanoparticles in
8 vol. %

the neutron absorption in the moderator is increased and
consequently, k. and the reactor power undergo a de-
crease.

The variation of neutron flux density in 12 fuel
bundles in fuel channel next to the central axis of the



R. Mirghaffari, et al.: Neutronic Simulation of a CANDU-6 Reactor with Heavy ...

Nuclear Technology & Radiation Protection: Year 2017, Vol. 32, No. 4, pp. 320-326 325
9.00E-04 . . . .

- BEES According to physmal propem.es of nanoparticles

 7.00E04 [12], ALO; nanoparticles have a higher thermal con-

g 6.00E-04 B ductivity compared to Si nanoparticles; therefore, it is

£ 500804 +si suggested to apply Al,O3 nanofluid in the reactor core

T 4.00E-04 zr

R - TiO, as coolant [6]. Furthermore, the presence of

§ 200804/ oo nanoparticles such as Cu and Ti, even in low concentra-

2 100E04 cs=CU tions, are harmful and have negative effects on the ef-
OO & & 7 B 8 10 11 12 13 fective multiplication factor and neutron flux density.

Bundle location

Figure 17. Neutron flux density distribution along a fuel
channel next to the central axis for seven nanoparticles in
10 vol. %

CANDU-6 reactor core, with different volumetric per-
centages of nanoparticles, are shown in figs. 11-17.
As shown in figs. 11-17, by increasing the con-
centration of nanoparticles, there will be a rise in loss
of neutron flux density. The reduction of neutron flux
density in central fuel bundles is more evident than in
fuel bundles at either end of the fuel channel, i. e., the
effect of nanoparticles at high volumetric percentages
is more significant at higher neutron flux density
zones. The reduction of neutron flux density in figures
15-17 for Cu and Ti nanoparticles, in comparison with
other nanoparticles, are quite noticeable. This is be-
cause of their higher mass densities, giving rise to
larger weight fractions on the same volumetric basis. It
can be observed that adding the nanoparticles of alu-
mina and silica to the coolant has a less significant in-
fluence on the reactor power. At the same time, copper
nanoparticles, having high neutron absorption
cross-sections, lead to more significant drop in neu-
tron flux density and consequently, reactor power.

CONCLUSIONS

Neutronic analysis has been performed to assess
the possibility of utilization of nanofluids as coolant in
the CANDU-6 reactors. In this study, the heavy wa-
ter-based nanofluids with nanoparticles such as Cu, Ti,
CuO, Ti0,, Zr, Si, and Al,O; have been used with the
volumetric percentages in the range 0.001 %-10 %.
The results show that by increasing the volume frac-
tion of nanoparticles in the coolant of CANDU-6 reac-
tor, ke, neutron flux density and reactor power de-
crease. The nanoparticles Si and Al,Os;, with the
volumetric percentage below 1 % in the coolant of
CANDU-6 reactor, are observed to have less impact
on the effective multiplication factor and neutron flux
density than Cu, Ti, CuO, TiO,, and Zr nanoparticles.
It should be noted that in the contrary with PWR, the
coolant and moderator in CANDU-6 reactor are physi-
cally separated. Therefore the overall neutronic effect
of applying a nanofluid coolant in CANDU-6 is less;
thus, a higher volume percentage of nanoparticle can
be used (1 % in CANDU-6 instead of 0.1 % in PWR)

[5].

The results of this study do not recommend using these
materials as practical coolants in CANDU-6 reactors.
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Peza MUPXA®APU, lNonampeza JAXAHD®APHUIA, Mutpa ATAPU ATA®D

HEYTPOHCKA CUMYJAIINJA CANDU-6 PEAKTOPA XJIAGBEHOTI'
HAHOTEYHOIILY HA BA3U TEHNIKE BOJE

Y mocneame BpeMe OO je 0 pa3Boja OOMMHUX CTyAWja y KOjuMa ce WCIUTYje MpuMeHa
HaHOTEYHOCTH Kao cpejcTBa 3a xjabewe y HykieapHuM ejekTpaHama. CANDU-6 peakTopu umajy
MOT'yYhHOCT IpUMeHe HAHOTEYHOCTH Kao CpeficTBa 3a xiabheme jep je KoJ OBUX peakTopa MOAEepaTOPCKU
CHCTEM IIOTIIYHO HE3aBUCaH Off IPUMapHOT cUCcTeMa 3a IpeHoc TomnoTe. [IpuMenoM nporpaMcKor nakera
MCNPX mopenoBaH je u cumynupal paj CANDU-6 peaktopa ca HaHOTE€YHOUIhy Kao IpUMapHUM
xnaguoneM. Mcnutupasa je Bapujanyja MyJITUINIMKALMOHOT (paKTOpa U pacrojiena YKYIHOT HEyTPOHCKOT
¢paykca y>k TOPUBHOT KaHaja MopeJ LEeHTpallHe Oce, 32 pa3iuyuTe HAHOTEYHOCTH. AHAIU3UpPAHE CY
HAaHOTEYHOCTHU 3ACHOBAHE Ha TEIIKOj BOAY ca oAaTuM HaHouecTunama Al,O,, TiO,, CuO, Ti, Cu, Zru Si, y
pa3nuuUTAM MPOLEHTUMA YKynHe 3anpeMmute. Kao pedepeHTHr Mojienl peakKTOpCKOT je3rpa ofadpaH je
tunuyau CANDU-6 peakTop. Pe3yaraTu HeyTpOHCKe aHaIM3€e MoKa3yjy Ja HAHOTEYHOCT ca gopatuM 1 %
HaHouecTuna Al,O; yKyIHe 3alpeMHHE NpefcTaBlba HAjIpHUKIagHUje CpeAcTBO 3a xnabewe CANDU-6
peakTopa, jep Moxe noehaTn koedujeHT TpaHcdepa TOIWIOTE U THME NOOOIbIIATH e(PUKACHOCT paja
€JIeKTpaHe.

Kwyune peuu: nanoiueunociu, CANDU-6, MCNPX, neyiuponcka anaausa



